[1] The ocean thermohaline circulation (THC) in the Atlantic is generally accepted to contribute to the comparatively mild climate of western and northern Europe. Global climate models (Manabe and Stouffer, 1995; Vellinga and Wood, 2002) and palaeo-observations (McManus et al., 2004 ) associate periods of weak or absent Atlantic THC with considerably lower temperatures in and around the northern North Atlantic. However, it is uncertain whether such change would spread longitudinally around the globe or would be limited to a narrow strip near the coast (Vellinga and Wood, 2002; Mikolajewicz et al., 1997) . Moreover, the relatively low spatial resolution of global climate models has prohibited more detailed statements about possible or probable THC-induced climate change in Europe. Here, we first use a global climate model to perform a THC-slowdown sensitivity experiment, with a weakening of the MOC by about 50%, and the associated control experiment. The two global simulations are then used to force a regional climate model for Europe; the regional control and sensitivity simulations are analyzed here. We find stronger maritime influence over Europe than in the case with no MOC weakening, which surprisingly results in cooling (because sea surface temperatures drop), contrary to today's conditions, where maritime influence leads to milder conditions in Europe. Lower temperatures cause reduced precipitation, increased snow cover and higher albedo leading to positive feedback. Citation: Jacob, D., H. Goettel, J. Jungclaus, M. Muskulus, R. Podzun, and J. Marotzke (2005), Slowdown of the thermohaline circulation causes enhanced maritime climate influence and snow cover over Europe,
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Introduction
[2] The major obstacles to more reliable assessments of the risk for Europe of THC-induced climate change lie in the widely varying projections of future THC change [Cubasch et al., 2001] and the limited spatial detail provided by global climate models. The first uncertainty is sidestepped here by inducing a THC weakening through an externally imposed additional freshwater flux into the northern North Atlantic, without rigorously justifying this addition as arising from a self-consistent climate scenario. This sensitivity study is carried out under pre-industrial greenhouse gas conditions, and it is consistent with the protocol defined within the Coupled Modelling Intercomparison Project (CMIP, http://www-pcmdi.llnl.gov/projects/ cmip/index.php). The amount of freshwater added, 0. ), can be visualised by noting that it corresponds to 1/6 of the Greenland ice sheet melting over 100 years. This flux is larger than projected melting rates of the Greenland ice sheet under different greenhouse warming scenarios [Huybrechts and de Wolde, 1999; Greve, 2000] , which correspond to additional freshwater fluxes of 0.01-0.08 Sv, but does not require the extreme scenario of, for example, a glacial meltwater lake to discharge catastrophically [Manabe and Stouffer, 1995; Vellinga and Wood, 2002; Fairbanks, 1989; Teller and Leverington, 2004; Clarke et al., 2004] . Instead, the perturbation freshwater flux corresponds to roughly a doubling of the freshwater input into the Nordic Seas and the Arctic Ocean [Aagard and Carmack, 1989] .
Model and Methods
[3] The high-resolution focus of this study has been enabled through the nesting of a regional model into a global simulation of THC slowdown and its respective control experiment, which is novel for such a sensitivity experiment. The climate model system consists of the global atmosphere-ocean general circulation model (AOGCM) ECHAM5/MPI-OM [Roeckner et al., 2003; Marsland et al., 2003] and the regional atmospheric model REMO , all developed at Max Planck Institute for Meteorology. The GCM model is in this application a spectral model with an equivalent horizontal resolution of 3.75°and 20 unequally spaced levels. The ocean component is a grid point model of 3°and 40 unequally spaced levels. The regional climate model is in this application a grid point model with an equivalent horizontal resolution of 0.5°and 20 terrain-following vertical levels based on primitive equations. [4] The coupled control simulation (CTRL) under preindustrial greenhouse gas conditions is run for 260 simulated years and maintains a stable climate without flux adjustments; in particular the THC strength is statistically steady with a mean of 15 Sv (Figure 1 ), slightly lower than observed [Ganachaud and Wunsch, 2000] . Maximum global and Atlantic meridional oceanic heat transports in the Northern Hemisphere are at realistic 2 PW (1 PW 10 15 W) and 0.9 PW, respectively. In the perturbation run (FW), a freshwater flux of 0.1 Sv is spread over the surface North Atlantic between 50°N and 70°N at year 150 of the control run; during the following 110 years, the THC strength is reduced to 8 Sv (Figure 1) . Data from the last 20 years of both global runs are used as boundary forcing for the regional model.
[5] The THC decrease in the perturbation run causes a reduction of the maximum meridional heat transport from 0.9 to 0.6 PW (not shown), resulting in surface cooling in the North Atlantic sector of more than 3°C (Figure 2 displays near-surface air temperature, which is very close to the SST). Similar cooling also occurs in the North and South Pacific, though in much more restricted areas.
[6] The dynamical downscaling permits the analysis of temperature change with considerably higher spatial detail; in addition, some shifts occur in the cooling pattern (Figure 3 ). Statistically significant cooling results from the halving of THC strength in FW for all of western and northern Europe, whereas the cooling in southern and eastern Europe is not significant. Over a large area, mean winter temperatures (December, January, February) fall below the control run means by 1.5 degrees and more. Temperature of an average winter in London, for example, drops by about 2.4°C, a change comparable to the coldest winter on record in central England, which was 2.7°C colder than average [Parker et al., 1992] .
[7] Concomitant with the temperature decrease for Europe of about 1.7 K in winter and 1 K in summer, precipitation also decreases, particularly in summer (Table 1) . The general decrease is consistent across both models, but there is no clear tendency in the difference between the models. The temperature decrease in winter is stronger than in summer, which is caused by cold maritime air masses travelling further inland in winter than in summer (or stronger maritime influence in winter than in summer). The decrease in temperature is associated with a decrease in precipitation, in summer stronger than in winter. This is consistent with the Clausius-Clapeyron relation, according to which a decrease in temperature by the same amount is accompanied by a considerably stronger decrease in humidity in summer than in winter. The most dramatic change, however, occurs not in the total amount of precipitation but in the snow portion of it (Table 1) , as well as in snow cover (Figure 4) . Also, we see here the clearest difference between the models, with the regional model predicting a much larger fraction of snow in precipitation than the global model; owing to the higher resolution and better ability to simulate regional orographic features, we ascribe greater realism to the regional model. Throughout Europe, with the exception of the westernmost parts, we thus find that snow constitutes the majority of winter precipitation (Table 1) ; snow fraction increases by generally 50 to 100%. This leads to considerably enhanced snow cover over Europe -almost all of Britain would, in this sensitivity experiment, experience more than 10 ''snow days'' a year, defined here as a day with more than 3 cm water equivalent of snow cover. In contrast, CTRL shows more than 10 snow days in Britain only at higher altitudes toward the north. In continental Europe, the 10-snow day line moves from its current position through the middle of Germany, by 300 to 500 km to the west. The change in snow cover leads to an increase in albedo, especially over Scandinavia, northern Germany and Britain, and all mountainous areas in southern central Europe (Figure 4) .
[8] The influence of climate change on societies is expected to manifest itself through a change in extremes. In experiment FW, the number of summer and hot days drops, particularly in southern Britain, whereas the number of frost and ice days increases significantly throughout Europe (Table 2) . As a consequence, the annual energy consumption would be expected to change as well. A convenient measure of energy consumption for heating purposes is the number of degree days following EUROSTAT [Diekmann and Ziesing, 1998 ]. Table 2 shows that in experiment FW, heating energy consumption would rise by about 20% in London and by about 10% in Europe. Both increases are significant at the 95% level. Notice that average Europe summer cooling degree days drop in FW, from 327 to 313, but this drop is not statistically significant.
[9] The number of zonal cyclone tracks increases in experiment FW, compared to CTRL. This is very clear over Britain, where the low-pressure systems are advecting colder and drier air masses, delivering more snow than rain in winter. However, the total amount of precipitation (solid and liquid) is less than in CTRL. In Central Europe the low-pressure systems on zonal tracks move further inland before turning northeastward or northward. Finally the air masses join the cold air over North-East Europe, and almost no change in snow cover can be detected.
[10] The change in storm track statistics [Muskulus and Jacob, 2005] can partly be explained by a change in the atmospheric circulation pattern over the Atlantic (Figure 5) . In experiment FW, the Icelandic Low deepens and the Azores High strengthens, meaning that the North Atlantic Figure 2 . Annual-mean near-surface air temperature difference, FW minus CTRL, averaged over 20 years, for global model (red box -domain for regional run; white box -analysis area). 
Conclusions
[11] Our results are not directly applicable to the consequences of THC changes under enhanced greenhouse gas concentrations [Cubasch et al., 2001] . Instead, they address the consequences of THC change in a ''current climate'' setting, or those following a moderate meltwater discharge. However, through the nesting of a regional climate model into a global THC slowdown sensitivity experiment, we have shown that a considerable weakening of the Atlantic THC would be expected to have significant influence on continental as well as coastal Europe. In particular, the changes in atmospheric circulation lead to enhanced maritime climate influence over Europe which, surprisingly cools rather than warms. A weakening of the THC triggers a positive feedback loop, involving more snow days, an increase in albedo, and higher reflection of sunlight leading to further cooling. This could be considered a regional version of the global feedback proposed for the inception of the last glaciation [Khodri et al., 2001] . The quantitative role of his feedback has to be evaluated over longer timescales, but must also be compared to the tundra-taiga feedback [McFadden and Ragotzkie, 1967; Betts and Ball, 1997] for efficiency and response time. 
